We conducted a study from January 2002 to February 2008 on silicofl agellate fl uxes in Alfonso Basin at the entrance to the Gulf of California. Thirteen taxa were identifi ed in sediment trap samples, with Octactis pulchra as the dominant species. Total fl ux climatology reached a maximum value of 5 × 10 6 skeletons m -2 day -1 in December and then sharply decreased to a minimum value in February (2.3 × 10 3 skeletons m -2 day -1 ) concurrently with the climatological sea surface temperature (SST) minimum. Subsequently, there was a positive trend with a second relative maximum of 1.6 × 10 6 skeletons m -2 day -1 in September coincident with a maximum in climatological SST. During this period, there was a similar increase to 1.4 × 10 6 skeletons m -2 day -1 in May. Factor analysis identifi ed three patterns of variation: " subtropical oceanic, " " subarctic, " and " equatorial El Ni ñ o. " Factors had reasonable correlations with the Pacifi c decadal oscillation (PDO), North Pacifi c Gyre oscillation (NPGO), and El Ni ñ o Modoki indices (r = 0.53, 0.67, and 0.63, respectively). The fi rst and second modes were apparently linked to decadal climatic conditions correlated to PDO and NPGO, as suggested by the silicofl agellate species Dictyocha messanensis forma messanensis and the assemblage of D. epiodon and Distephanus speculum , respectively; the third mode was related to the presence of warm equatorial-oceanic waters identifi ed by D. messanensis forma spinosa , which defi nes El Ni ñ o infl uence. These results demonstrate the importance of the region where there is a confl uence of the low-frequency, high-latitude PDO, NPGO, and high-frequency El Ni ñ o signals.
Introduction
Silicofl agellates, together with other primary producers, such as diatoms and coccolithophorids, play major roles in the oceanic carbon cycle through delivery of carbon to the ocean fl oor. This occurs by passive sinking of material in the form of amorphous aggregates and marine snow (Alldredge and Jackson 1995 ) . However, much of the planktonic material is lost to zooplankton grazing as it falls through the water column; there are also losses to fragmentation and dissolution (Takahashi 1991 , Buesseler et al. 2007 , so that only about 10 % of calcium carbonate and biogenic silica reach the ocean fl oor, where it is integrated, through burial, into the fossil record (Boltovskoy 1995 ) .
The quantity of silicofl agellate skeletal material reaching the sedimentary record is controlled by physical mechanisms, which modulate production in the euphotic zone, and settling in such manner that certain oceanographic-atmospheric events can be associated with seasonal and interannual fl uctuations in sedimentation (Takahashi and Blackwelder 1992 ) . Indeed, the wide distribution of silicofl agellates throughout the world ' s oceans has been used to identify different oceanographic scenarios (Poelchau 1976 ) . They are short-lived species whose distribution may change dramatically due to current transport that can either expand or collapse their ranges. This allows silicofl agellates to function as sensitive indicators of ecosystem change (Hays et al. 2005 ) and, consequently, as indicators of climate variability.
In the North Pacifi c, time-series analyses of silicofl agellate fl uxes have allowed climate proxy species to be identifi ed (Takahashi 1989 , Onodera and . Similarly, inside the Gulf of California, silicofl agellates are recognized as indicators of environmental conditions (Murray 1982 , Murray and Schrader 1983 , Schrader and Baumgartner 1983 , Schrader et al. 1986 ). However, research on this phytoplankton group has been focused on long-term temporal scales (centennial to millennial) in the sedimentary record of the central gulf (Schrader and Baumgartner 1983 , Schrader et al. 1986 , Juillet -Leclerc and Schrader 1987 , Barron and Bukry 2007 , with limited use of sediment traps (Thunell et al. 1996 ) and column water evaluation ( P é rez-Cruz and Molina-Cruz 1988 ) . In spite of these restrictions, Octactis pulchra Schiller, because of its high abundances in this region, has been designated an indicator of productivity (Murray and Baumgartner 1983 ) . The dominance of this species typifi es the winter-spring productive season (Schrader et al. 1986 ) , which is characterized by relatively intense northwesterly winds (Bordoni et al. 2004 ) that result in enhanced mixing of the water column (Mart í nez-L ó pez et al. , Villegas -Aguilera 2009 . Other silicofl agellate species are also indicators of changes in oceanographic conditions, such as changes in thermohaline properties produced by the advection of water masses (Murray 1982 , Murray and . Dictyocha epiodon Ehrenberg is a cold-temperate species that is mainly distributed in the high-latitude North Pacifi c, specifi cally in the California current. The cells have been encountered in the laminated sedimentary record and core-top samples of the Gulf of California, allowing inference of past oceanographic conditions that favored the intrusion of this current into the gulf (Murray 1982 , Murray and Schrader 1983 , Molina -Cruz 1986 . Likewise, selected species of equatorial affi nity, such as D. calida Poelchau, have been used as indicators for El Ni ñ o in this area ( P é rez-Cruz and Molina-Cruz 1988 , Á lvarez-G ó mez 2007 .
This study is based on a compilation of a 6-year data series (January 2002 to February 2008) of silicofl agellate fl uxes using a sediment trap moored in Alfonso Basin. With the data, we investigated the relationships between silicofl agellate fl uxes and assemblages and oceanographic change. In spite of a poor understanding of the eco-physiology of silicofl agellate species in the gulf, this study allowed construction of a fi rst-order approximation of past pelagic ecosystems that documented changes in magnitude, composition, and timing of silicofl agellate sinking in response to changing oceanography.
Materials and methods
Alfonso Basin lies in the southern area of the Gulf of California (Figure 1 ). The sample collection site (24 ° 29 ′ N, 110 ° 36 ′ W) is located in the northern zone of Bah í a de La Paz. This basin has a bathymetric sill at a depth of 275 m (Nava -S á nchez et al. 2001 ), which reduces ventilation, thus promoting a reduction in oxygen content in the underlying bottom waters (Monreal -G ó mez et al. 2001 ) . The sediment trap, a Technicap PPS3/3 (Technicap, La Turbie, France), was tethered at a depth of 360 m. Site visits were conducted quarterly from January 2002 to February 2008, yielding a total of 168 samples. Each sample bottle in the carrousel collected for a time period that varied between 7 and 17 days before being rotated out. The bottle collection period was adjusted to coincide with vessel availability for mooring site visits to recover-service and redeploy the trap.
Trap samples were handled as described in Silverberg et al. (2006) . The bulk sample (without swimmers) was divided into 10 subsamples (splits) using a rotary splitter modifi ed after Honjo and Doherty (1988) . In order to remove salts and preservatives, a 1/10 subsample was distilled-water rinsed and centrifuged several times. The entire aliquot was placed in a 15-ml graduated test tube and cleaned following the methods of Hasle and Fryxell (1970) . For enumeration of silicofl agellate species, acid-cleaned subsamples were placed in a sedimentation chamber. After a 24-h settling period, subsamples were dried and mounted in Hyrax (Custom Research and Development, Auburn, CA, USA) medium (refractive index = 1.65), and fi nally converted to daily fl uxes per species (no. of skeletons m -2 day -1 ), taking into account fraction size, trap opening (0.125 m 2 ), and the number of days sampled. Species identifi cation and quantifi cation were done with a Zeiss microscope (Carl Zeiss, Oberkochen, Germany) fi tted with 20 × , 40 × , and 100 × objectives, phase contrast, and a calibrated micrometer on the eyepiece.
Monthly sea surface temperature (SST) data in 1 ° × 1 ° box were obtained for the period 1981 -2008 from the ICOADS (International Comprehensive Ocean-Atmosphere Data Set) product at NOAA/OAR/ESRL PSD ( http://www.esrl.noaa. gov/psd ). Climatology was obtained by a least-square fi t to the monthly SST data, T ( t ), using the model:
where t is the month of the year, A 0 is the long-term mean, A 1 and ϕ are the amplitude and phase of the annual signal, and 2 π / ω is 1 year. SST anomalies were computed by subtracting observed data at any time t from that predicted by the model.
As the aim of this study was to investigate the connections of silicofl agellate fl uxes and assemblages to ocean variability, we extracted long-term variability by computing the three dominant modes (factors) of species variability using empirical orthogonal functions (EOFs) (Emery and Thomson 2001 ) . Zero-lagged correlations (95 % ) between EOF mode series and climate indices were obtained to examine species association responses to remote forcings.
Results

Magnitude of fl uxes and taxonomic composition
Total fl ux values of silicofl agellate skeletons for the time series varied from a minimum of 1 × 10 3 to a maximum of 
Seasonal changes
The seasonal cycle of the total fl ux was obtained from the 6-year monthly means ( ), concurrent with the climatological SST minimum. Subsequently, a positive trend was observed with a second relative maximum of 2.1 × 10 6 skeletons m -2 day -1 in September, which was also the maximum for the climatological SST. During this period, there was a similar rise to 1.6 × 10 
Interannual variability
In order to extract the modes (factors) of temporal variability, the nine species that were present in at least 10 % of the samples were subjected to principal component analysis after removing the seasonal signal. The fi rst three modes of variability accounted for 65 % of the total variance in cell abundance data. Factor 1 was infl uenced mainly by high values of the oligotrophic subtropical species D. messanensis forma messanensis , and was therefore recognized as the " subtropical oceanic " mode of variability. Factor 2 was a " subarctic " mode of variability defi ned by the abundance of the assemblage comprising D. epiodon and Dis. speculum (temperate and cold water species, respectively) and D. pentagona . Species scores for factor 3 were highest for D. messanensis forma spinosa , an equatorial-oceanic species, thus labeling this mode as " equatorial El Ni ñ o. "
Correlation analysis comparing environmental indices with the fi rst mode of the time series, which accounted for 36 % of total variance, indicated statistically signifi cant correlations (p < 0.05) with both Pacifi c decadal oscillation (PDO) and North Pacifi c Gyre oscillation (NPGO) (r = 0.53 and 0.58, respectively). This signifi cant correlation between the fi rst mode and the PDO index may refl ect the fact that the length of the series was not of suffi cient duration to resolve decadal oscillations. Correlation analysis for the second mode (16 % of total variance) indicated a signifi cant correlation (r = -0.67, There were substantial differences not only in the magnitude of fl uxes, but also in the composition of the 13 taxa identifi ed (Figure 3 ) . Octactis pulchra was the dominant taxon, representing 16 -100 % of total fl ux; hence, its seasonal and interannual variabilities were similar/synchronic to that of total fl ux ( 
Discussion
Studies on seasonal and interannual changes in silicofl agellates are of extreme importance because high-resolution sedimentary records allow paleoclimate reconstructions (Baumgartner et al. 1989 ) . As silicofl agellates inhabiting the euphotic layer of the ocean are very sensitive to environmental fl uctuations and have been considered as an environmental indicator of the North Pacifi c region (Onodera and Takahashi 2005 and references therein), this approach can be appropriately extended to Alfonso Basin. There, we observed and documented seasonal and interannual changes in silicofl agellate skeletal exports over 6 years.
Seasonal changes
Seasonal changes in observed fl uxes were closely linked to ambient seasonal variability as demonstrated by the relatively large amplitude in satellite-derived SST (4.5 ° C) and the largest fl uxes during the shift from fall to winter. Processes and mechanisms of physical variability change at a seasonal scale in the Gulf of California (Robles -Pacheco and Marinone 1987 , Thunell et al. 1996 , Lluch -Cota et al. 2010 . At the entrance to the Gulf of California, circulation is mainly governed by seasonally reversing winds (Bordoni et al. 2004 ) , the infl uence of the Pacifi c, and vertical and lateral heat fl uxes (Marinone 2003 ) . Although tides are important as a forcing mechanism, their major infl uence is restricted to the mid and upper gulf. Winds and heat fl uxes near the entrance produce complicated dynamics that include cyclonic and anticyclonic circulation associated with strong upwelling at the eastern coast, eddies, and offshore jets, among others. During early winter (November-December), the more intense northwesterly winds and the net heat loss (Castro et al. 1994 ) These new nutrients brought to the surface led to maximum fl uxes of silicofl agellates in December, which were dominated by Octactis pulchra whose population rapidly declined to a minimum in February (Figure 4 ) . Relationships between O. pulchra and the nutrient-enriched euphotic zone strongly support its use as a high-productivity proxy. However, the sharp decrement of O. pulchra in February seemed to be associated with temperature as a main regulator factor. Silicofl agellates are highly temperature sensitive, tolerating only a few degrees of temperature variation from the normal range (Van Valkenberg 1980 ) . Temperature in euphotic zone of Alfonso Basin for this species ranged from 17 ° C to 27 ° C. However, the highest abundance occurred between 20 ° C and 25 ° C isotherms (A. Mart í nez-L ó pez, I.G. Á lvarez-G ó mez, L. P é rez-Cruz and M.M. Villegas-Aguilera, unpublished data). The relatively large amplitude in satellite-derived SST (more than 5 ° C) recorded from November to February in this area was apparently unfavorable for silicofl agellates, especially for the dominant warm water species O. pulchra . These results are in accordance with observations made in others regions . Cycloniclike circulation caused by upward doming of the thermocline is a common feature of basins that isolate relatively deep, cool (low oxygen) water from the warmer upper layer (Hill 1996 ) . Thus, for Alfonso Basin, positive Ekman pumping may be the mechanism responsible for upwelling of cooler, nutrient-rich waters into the euphotic zone during spring, and may explain the positive trend in fl uxes observed between February and May. In addition, pumping associated with the gyre may also explain the baseline constant fl ux of ∼ 1 × 10 6 skeletons m -2 day -1 throughout the year other than in February when the lowest fl ux (2 × 10 5 skeletons m -2 day -1 ) occurred (Figure  4 A) . This pumping may provide the physical mechanism that makes Bah í a de La Paz one of the most productive sites inside the Gulf of California (Arias -Ar é chiga 1998 , Verdugo -D í az 2004 , Villegas -Aguilera 2009 ). Enhanced carbon export and increased primary production rates are also associated with these cyclonic eddies , Vaillancour et al. 2003 . Here, we provide supporting evidence for this enrichment by demonstrating that the fl ux comprised larger and thicker skeletons of O. pulchra (average diameter 34.7 µ m). The euphotic layer, into which nutrients can be advected from deeper layers, provides high concentrations of silicon that can be used to build up larger and more silicifi ed skeletons. Variable morphology in the skeletons of silicofl agellates is associated with high nutrient levels in other areas (Takahashi 1991 ) .
During summer in Alfonso Basin, the upper water column is characterized by a sharp and shallow ( ∼ 20 m) thermocline, and relatively low-average silicofl agellate fl uxes (1 × 10 6 skeletons m -2 day -1 ). Warm water species, such as Dictyocha messanensis forma messanensis and D. messanensis forma spinosa , increased in abundance during this warm season and to a lesser extent in winter. This last increase occurred in years with positive temperature anomalies. The peak fl uxes occurred in September, likely associated with extreme temperatures and passing meteorological events (hurricanes) that sweep over the coast of Baja California Sur in late summer and fall. An example of this process occurred in August and September 2003 when hurricanes Ignacio and Marty struck Bah í a de La Paz and introduced sediments into Cuenca Alfonso (Silverberg et al. 2007 ). Storms can outcrop nutrients into the euphotic zone through wind-driven vertical mixing of the water column or by raising the thermocline (Zamudio et al. 2002 ) . After storm passage, a subsequent growth of warm water species was recorded in the relatively large fl uxes of D. messanensis forma messanensis and D. messanensis forma spinosa in September (Figure 3 ) . Likewise, hurricane Henriette in 2007 struck the study area, promoting an increase in D. messanensis forma spinosa , which was co-dominant with O. pulchra .
Interannual variability
The magnitude of silicofl agellate fl uxes at this site fi ts regional primary productivity patterns ( Á lvarez-Borrego and Lara-Lara 1991 ). The increase and magnitude of fl uxes during December 2002 were consistent with those described by Thunell et al. (1996) during the fall-winter period for Guaymas Basin. However, the duration of our series allowed us to discern a higher degree of interannual variability in silicofl agellate fl uxes, with differences of up to an order of magnitude (10 6 -10 7 skeletons m -2 day -1 ) between years (Figure 2 A) , reaching maximum fl uxes in winter of 2007. These values are congruent with those in Santa Barbara Basin (Lange et al. 1997 , Venrick et al. 2003 and in some regions of the subarctic Pacifi c (Takahashi 1989 ) (Table 1 ) . This high interannual variability in total fl uxes mirrored a combination of Pacifi c Ocean climate conditions occurring during the years of this study on interannual and decadal temporal scales. The factor scores obtained by Q-mode factor analysis clearly represented oceanographic changes in the study area. Modes of variability of silicofl agellate fl uxes were characterized and represented by the three factors. The fi rst and second modes were apparently linked to decadal climatic conditions correlated to PDO and NPGO as indicated by the silicofl agellate species D. messanensis forma messanensis and the assemblage of D. epiodon and Dis. speculum from factors 1 and 2.
Factor 1 variability (26 % ) was characterized as " subtropical oceanic " because of the large contributions by D. messanensis forma messanensis . Studies conducted on this species (e.g., Murray and Schrader 1983 , Takahashi 1991 ) agree that this taxon preferentially occurs in oligotrophic warm waters of the subtropical Pacifi c. Year-to-year variations in fl uxes of D. messanensis forma messanensis observed were apparently related to decadal variability, refl ecting the intermingling of warm, open-ocean oligotrophic waters, coincident with positive SST anomalies. In the North Pacifi c, climate fl uctuations are mainly modulated by the PDO (Mantua et al. 1997 ) , the main mode of ocean variability, which is characterized by a warm regime associated with an increased number of El Ni ñ o events (Miller et al. 2003 ) . 2002 -2003, 2004 -2005, and 2006 -2007) and the short-term La Ni ñ a event in late 2007 to early 2008 were the main contrasting responses in the temperate and subtropical northeastern Pacifi c subregions, north and south of 28 ° N, respectively (McPhaden 2004 , 2008 , Ashok et al. 2007 , Durazo 2009 ). The synergic effect of interannual and decadal variability may explain increased entrainment of subtropical surface water (StSW) toward the coastal region. The presence of this water mass near the coast has been documented during fall near the Baja California peninsula ' s west coast (Durazo 2009 ) and during the very intense El Ni ñ o in 1997 -1998 when StSW displaced to the south waters of tropical origin usually found near the gulf ' s entrance (Durazo and Baumgartner 2002 ) . Hence, the effect of the warm oceanic StSW inside the southern region of the Gulf of California may be associated with Pacifi c Ocean warm events that favor the intrusion of Pacifi c central water masses into the gulf.
Factor 2, the second contributing factor (16 % ), was dominated by D. epiodon and Dis. speculum . These taxa are known to live in the Alaskan Gyre and in subarctic to transitional waters, respectively (Poelchau 1976 ) . Species association and the fact that factor 2 correlated with the NPGO index suggest that this mode of variability may be characterized as " subarctic. " The presence of taxa of cold conditions, D. epiodon and Dis. speculum , suggests the infl uence of California current water (CCW) in Alfonso Basin. The NPGO refl ects the changes in the intensity of the North Pacifi c Gyre circulations (Di Lorenzo et al. 2009 ). In its positive phase, the NPGO represents unusual subarctic water intrusion into the California current and an intensifi cation of the equatorward geostrophic circulation and transport. During the last decade, this signal has spread to the Mexican coast (Durazo 2009 ) , and occurred simultaneously with the infl uence of tropicalequatorial waters due to the presence of atypical El Ni ñ o events (McPhaden 2004 (McPhaden , 2008 . The incursion of CCW inside the Gulf of California has been inferred from the sedimentary record (Murray 1982 , Murray and Schrader 1983 , MolinaCruz 1986 . In addition, several pioneer (e.g., Roden and Groves 1959 , Griffi ths 1968 ) and recent (Collins et al. 1997 , Castro et al. 2000 , Lav í n et al. 2009 ) observers provide observational evidence of cool, reduced salinity subsurface water cores (20 -100 m) associated with the CCW in the southern Gulf of California, near the gulf ' s entrance during summer (Castro et al. 2006 ) . Deep isopycnal doming at this area (Castro et al. 2000 ) implies cyclonic mesoscale (100 -200 km) fl ow that could transport waters of subarctic origin (CCW), and thus cold-affi nity silicofl agellate species, into Alfonso Basin.
The third factor (13 % ) characterized as " equatorial El Ni ñ o " is worth discussing because of the positive, high contribution by D. messanensis forma spinosa . Factor 3 had the highest correlation with El Ni ñ o Modoki index. The character of El Ni ñ o-southern oscillation (ENSO) appears to change on interdecadal to multidecadal timescales (Wang 1995 ) , as do SST anomaly patterns (Ashok et al. 2007 ). In agreement with the new central Pacifi c SST anomaly patterns of El Ni ñ o, termed El Ni ñ o Modoki, the events of 2002 -2003, 2004 -2005, and 2006 -2007 fall into this category. Temporal variability in D. messanensis forma spinosa sedimentation during these years is consistent with the decadal signature of El Ni ñ o Modoki and is distinctive for the ENSO signal, which suggests the infl uence of equatorial Pacifi c waters in the study area. In spite of these results, it is diffi cult to explain the transport of silicofl agellate species from the central equatorial Pacifi c to the entrance to the Gulf of California because there are no hydrodynamic studies related to these conditions that can be used to support this hypothesis. More correlated biophysical studies are necessary to draw further conclusions on this issue.
The southern region of the Gulf of California, where Alfonso Basin is located, is characterized by moderate to high primary productivity during normal (no El Ni ñ o and no La Ni ñ a) conditions (Reyes -Salinas et al. 2003 , Verdugo -D í az 2004 . During El Ni ñ o events, net primary production decreases, for example, inside the Gulf of California during the strong El Ni ñ o in 1997 -1998, when a 30 -40 % reduction in net primary production occurred (Kahru et al. 2004 ) . During moderate events, as in -2003 (McPhaden 2008 , there was a similar response indicated by a 50 % reduction in silicofl agellate fl uxes (Figure 2 A) . These reductions are in contrast to La Ni ñ a conditions in 2007 -2008 that favored maximum silicofl agellate fl uxes. Thus, biological responses of silicofl agellate primary producers are coupled to the highly dynamic region of Alfonso Basin.
The variability occurring along the northeastern Pacifi c during 2002 -2007 is highest at the latitude of the gulf because of mixing of low-frequency, high-latitude PDO, NPGO, and high-frequency El Ni ñ o signals. The ability of silicofl agellates to represent ocean-atmosphere variability (expressed as abundance and species composition) that we detected in our study is in accordance with other studies in other latitudes of the region Blackwelder 1992 , Lange et al. 2000 ) .
Conclusions
Results from sediment trap collection demonstrate several important seasonal, interannual, and likely decadal trends in the export of silicofl agellates from the euphotic zone. These trends are closely linked to the dynamics and primary productivity of the upper water column and to Pacifi c basin-scale climate variability. Factor analysis revealed three modes of variation in the assemblages, which refl ected large-scale climate variability of the North and equatorial Pacifi c through correlations with PDO, NPGO, and El Ni ñ o patterns. Thus, we have demonstrated the importance of the region for documenting the confl uence of low-frequency, high-latitude PDO and NPGO, and higher-frequency low-latitude signals. The fi delity of these signals in the record of silicofl agellates in sedimentation confi rms the utility of these algae in paleoceanographic reconstructions. 
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